Satellite tracking and imaging is conducted by the ANU Research School of Astronomy and Astrophysics and Electro-Optic Systems (EOS) at Mount Stromlo Observatory, Canberra, Australia, as part of the Space Environment Management Cooperative Research Centre (SERC) to support the development in space situational awareness. Atmospheric turbulence leads to distortions in the measured data. Adaptive optics (AO) systems counteract those distortions and improve the resolution of the tracking and imaging systems. To assist in the design of the AO systems, we need to gather information on the atmosphere at Mount Stromlo: r 0 , τ 0 , and the turbulence C 2 n profile. With the SCIntillation Detection And Ranging (SCIDAR) Technique the scintillation of two stars is measured and their autocorrelation function is computed, providing a measurement of the turbulence profile. This technique usually uses one detector recording the two images of the stars simultaneously. However, the images overlap leading to an underestimation of the Cn 2 values. The introduction of stereo-SCIDAR 1 overcomes this issue by separating the two stars and imaging them on two separate image sensors. To reduce costs, we introduce a new stereo-SCIDAR system separating the beams from the two stars, but using only one single detector. This has been shown for a Low Layer SCIDAR (LOLAS) system with wide double stars (200 arcsec). We investigate this technique by detecting the scintillation patterns of double stars with separation from 10 to 25 arcsec, allowing some flexibility in the altitude span and resolution, while retaining a simple optical setup. We selected a low noise sCMOS camera as the imager. We show the current design of this system and investigate its feasibility for further development.
INTRODUCTION
Adaptive Optics (AO) systems are widely used in astronomy to improve the resolution of an astronomical telescope and to increase its performance. To improve the AO system's performance, knowledge of the layered structure of the turbulent atmosphere is necessary. Although there are characteristics that generally apply to the global atmosphere, each astronomical site has its individual turbulence characteristics and a turbulence profile needs to be measured in order to tap the full potential of an AO system. To improve the AO system design, knowledge about the refractive index structure constant C 2 n , the turbulence coherence length or the Fried parameter r 0 , and the turbulence coherence time τ 0 are greatly desired.
As a partner university of the Space Environment Management Cooperative Research Centre (SERC), the Research School of Astronomy and Astrophysics (RSAA) at the Australian National University (ANU) at Mount Stromlo Observatory is developing AO systems for space situational awareness, specifically space debris tracking and space debris orbit perturbation.
2, 3 However, as no atmospheric turbulence measurements have yet been conducted, an estimation of r 0 , τ 0 and the C 2 n profile are being applied. Hence, atmospherice turbulence profile measurements need to be conducted, which yield the C 2 n profile over a high vertical resolution and provide information about the wind velocity profile. There are several well known techniques such as Multi Apterture Scintillation System (MASS), 4 Slope Detection and Ranging (SLODAR), 5 and Scintillation Detection and ranging (SCIDAR). 6 The latter is a suitable technique for our purposes, because a high vertical resolution of the C 2 n profile is required and with the help of the SCIDAR technique fulfils this requirement. In this paper, we give a brief overview of the principle of conventional and generalised SCIDAR in section 2. This section also outlines the advantages of generalised stereo-SCIDAR. In section 3, we propose the optical design of our new single detector generalised stereo-SCIDAR setup, which is followed by a conclusion in section 4.
CONVENTIONAL, GENERALISED AND STEREO-SCIDAR
As described by its name, the SCIDAR technique uses the detection of the scintillation of two stars to deduce the turbulence profile. The principle schematic diagram of conventional SCIDAR is shown in Fig. 1 . Short exposure images of the scintillation pattern of a double star with known angular separation θ are recorded. Specific aberrations i.e. refractive index changes at certain altitudes are projected onto a different position in the scintillation pattern of each star. The distance between the two projections of the same aberrations is dependent on the angular separation of the double star and the height, where the aberration occurred. The scintillation pattern is then autocorrelated with itself. As a result, peaks will appear in the autocorrelation at the distance d = θh, where θ is the angular separation and h is the height of the turbulent layer. The amplitude of the autocorrelation peaks is directly proportional to the strength of the layer. Figure 1 : Principle of conventional SCIDAR. Phase aberrations from a distinct turbulent layer 1 at height h 1 through which light shines from a double star with angular separation θ will be separated on the ground by distance θh 1 and aberrations from layer 2 will be separated by θh 2 . Hence a turbulent layer at height h will be separated by θh.
In order for this method to be able to take turbulent layers into account, the phase aberrations from those layers need to propagate for at least 1 km so that the phase aberrations can develop intensity fluctuations, which can be measured. 7 This means, that conventional SCIDAR with a measurement plane conjugate to the ground layer is insensitive to the turbulence profile at the ground layer, because there is no propagation distance between this layer and the measurement plane as they are the same. Generalised SCIDAR 8, 9 overcomes this problem by placing the measurement plane at a plane conjugate to a negative altitude layer that lies below the ground. Its principle schematic diagram is presented in Fig. 2 . By shifting the measurement plane from the ground to a plane below the ground, the phase aberrations from the ground layer can propagate and turn into measurable intensity fluctuations. The distance to the peaks in the autocorrelation function is increased by h conj , which is the propagation distance to the new measurement plane at a conjugate layer situated below ground. Hence, h conj < 0 and the new distance to the peaks is given by d = θz = θ|h − h conj |, where h is still the height of the turbulent layer from ground and z = |h − h conj | the propagation distance from the new measurement plane to the turbulent layer.
As mentioned in section 1, the SCIDAR technique stands out by its high vertical resolution dh for the distinction of the different turbulent layers, which is given by eq. 1 10 dh = 0.78 Figure 2 : Principle of generalised SCIDAR. Phase aberrations from a distinct turbulent layer 1 at height h 1 through which light shines from a double star with angular separation θ will be separated by distance θ|h 1 −h conj |. Aberrations from layer 2 will be separated by θ|h 2 − h conj | and from the ground layer by distance θ|0 − h conj |. Hence a turbulent layer at height h will be separated by θ|h − h conj |.
where λ is the wavelength, θ the angular separation of the double star, and z = |h − h conj | the propagation distance from measurement plane to turbulent layer. One can see that the vertical resolution increases with shorter propagation distances. Hence, for an analysis of a turbulent ground layer, measurement planes up to a few km below ground are suggested. 9, 11 The vertical resolution can also be increased by choosing a widely separated double star. This, however, decreases the maximum measurable height of the atmosphere significantly. The maximum measurable height h max for a conventional SCIDAR system is described in eq. 2
D refers to the diameter of the telescope aperture and θ is the separation angle of the double star. In the case of generalised SCIDAR the aperture is propagated to the new measurement plane at h conj and diffraction will distort predominantly the edges of the aperture. For analysis purposes, the diffraction around the edges can be blocked, which diminishes the size of the aperture. 12 The decreased maximum measurable height is given in eq. 3
where r F is the Fresnel radius by which the size of the aperture is decreased. r F is independent of the size of the aperture and can be calculated by r F = λh conj .
In generalised SCIDAR the images of the scintillation patterns of a conjugate layer of two stars overlap on the detector as exemplified in Fig. 3(a) . To analyse the turbulence profile, the autocorellation of this image is evaluated, resulting in a symmetric function, showing peaks directly proportional to the turbulent layers at distance z = |h − h conj |. Fig. 4(a) shows the autocorrelation of simulated turbulence layers at 0, 0.4, 6, and 9 km of a double star with magnitude 5 each. It is symmetric around its autocorrelation peak at h conj = −1km, which was set as conjugate measurement plane.
Due to the overlap of the two images in generalised SCIDAR, the intensity of the two scintillation patterns is added in common areas leading to a loss of information and resulting in an underestimation of the C 2 n profile. This error has to be taken into account and needs to be corrected. Furthermore the difference in stellar magnitude between the two stars of the double star cannot exceed more than about 2.5 in magnitude. The crosscorrelation also shows the turbulent layers at 0, 0.4, 6, and 9 km with an increased signal-to-noise ratio compared to (a), which can be seen more clearly in the close ups (c) and (d) of (a) and (b) respectively.
Generalised Stereo-SCIDAR
A solution to make post processing easier has been introduced by the generalised stereo-SCIDAR technique, 1 in which the two images are physically separated onto two separate detectors in the measurement plane (see Fig. 3(b) ).This has the advantage that there is no loss of contrast, as there is no overlap of the scintillation patterns. Furthermore, the signal-to-noise ratio is not limited by the difference in magnitude, but only by the signal strength itself. Fig. 4(b) shows the result of the same turbulent layers as in Fig. 4 (a) analysed with fully separated scintillation images. A disadvantage of the demonstrated stereo-SCIDAR is, however, that the need of two cameras not only increases the cost, but also the complexity of the optical setup. Both cameras need to be temporarily synchronised and optically aligned precisely. We are introducing a new design with which we realise a stereo-SCIDAR instrument with fully separated scintillation images. Instead of two separate detectors, we are re-imaging the scintillation patterns on one detector, reducing optoelectronic components and the processing complexity. Although a single detector SCIDAR instrument has already been realised for lower turbulence layers, 14 we propose a single detector stereo-SCIDAR instrument with high altitude resolution, measuring the atmosphere up to 15 km. To achieve this altitude range, the angular separation between the two stars needs to be 10-25", which increases the altitude range according to eq. 3. A decrease in angular separation worsens however the vertical resolution dh, because its value increases with a decrease in θ according to eq. 1. A good vertical resolution of 200 to 500 m is nonetheless with these parameters possible. Recording both images on a single detector also introduces a limitation in magnitude difference of the double stars, which can be partially compensated by choosing a high dynamic range detector. As the images are fully separated, however, their intensity values can be normalised with respect to each other. The optical design for this single detector stereo-SCIDAR instrument is described in section 3.
OPTICAL DESIGN
The aim of the optical design is to build a single detector stereo-SCIDAR instrument that is simple, cost efficient, and still realises turbulent profile measurements with sufficient altitude resolution (200 -500 m) over an altitude range of 15 km through the atmosphere. To be able to vary and adjust vertical resolution and maximum altitude range, the system needs to be able to image double stars with an angular separation range of 10 to 25". Additionally, temporal measurements are supposed to be conducted, which can measure the wind velocity profile of up to 30 m/s.
The first stage optical setup, which implements a generalised SCIDAR instrument, is depicted in Fig. 5 . The collimated light beams from the double star that are transmitted through the telescope's coudé path are magnified and re-imaged onto a detector in the measurement plane, which can be set to different positions along the optical axes, imaging different conjugate altitudes. The system will be implemented on a 1.8 m telescope and will measure scintillation patterns that are imaged onto 200x200 pixels with a width of 6.5 µm each. The camera used is a scientific CMOS camera which stands out for its low noise characteristics and its fast scans up to 800 fps at full frame width and 256 pixels frame height in the region of interest. The mechanical design of the setup is shown in Fig. 6 . Due to its long focal length, lens 1 is not shown. Two fold mirrors are added into the setup to allow for alignment of the setup to the telescope's coudé path.
Once the generalised SCIDAR instrument is established and first measurements have taken place, the instrument can be upgraded to a single detector generalised stereo-SCIDAR. Its modification is shown in Fig. 7 . A roof prism is inserted into the optical path at the focus of lens 1, separating the two beams due to refraction in such a way that the beams are separated, collimated, and re-imaged on the detector in the measurement plane, where the two scintillations patterns are fully separated to accomodate for the advantages of a stereo-SCIDAR setup. The prism is made out of two optically different materials with different thicknesses and manufactured at A survey will be undertaken to characterise the site of Mount Stromlo. Site characterisation measurements are going to be run 1-2 nights per week over a minimum period of 6 months. This will provide a good estimation of the atmospheric turbulence profile to support the further development of AO systems for space environment management.
CONCLUSION
Generalised SCIDAR is a suitable technique to measure the atmospheric turbulence profile over great altitude with good vertical altitude resolution. Generalised stereo-SCIDAR improves the signal-to-noise ratio of the measurements and allows for double star targets with a greater stellar magnitude difference to be used for the measurements. We have designed a single detector generalised stereo-SCIDAR, which will be employed to measure the atmospheric turbulence profile at Mount Stromlo over a high altitude range with good vertical resolution. The C 2 n profile and the wind velocity will be measured, which will help improve the design of the next AO instrumentation.
